I. Introduction
For many years researchers have been trying to develop a suitable analytical methodology for the prediction of acoustic loads on launch vehicles, based on different sub-scale or full-scale tests of supersonic and subsonic engine exhaust jet flows. For example, Mayes et al. 1 conducted near-field and far-field noise surveys on straight horizontal solid fuel rocket engines for a range of nozzle exit pressures, although this arrangement excludes the influence of the launch pad. The measurements were presented for a 1,500-pound-thrust engine and for several 5,000-pound-thrust engines for which the nozzle exit flow conditions varied widely. From the near-field measurements in the frequency range from 5 Hz to 2.5 kHz; the apparent source of noise was found to be approximately 20 diameters downstream of the nozzle exit. The far-field measurements showed that the maximum overall noise levels for all engines occur between 30° to 45° from the axis of the flow. 4 , Eldred et al. 5 and Morgan et al. 6 . Based on several experimental models,
Morgan et al. 6 , Franken et al. 7 and Potter and Crocker 8 proposed an extensive empirical prediction methodology to calculate the near-field and far-field noise produced by jet and rocket flows, including the deflected flow from various types of exhaust deflectors. Mel'nikov et al. 9 and Dumnov et al. 10 investigated empirical techniques to define the maximum acoustic loads on the fairing on the basis of flight and experimental model data. In their work, the interaction of the jet flow with the launch pad was extensively studied to quantify the noise sources using empirical techniques. Using experimental and theoretical studies as a basis, Dementjev et al. 11 developed a semi-empirical technique to determine the noise due to the interaction of supersonic high temperature jets with different shaped deflectors. All the aforementioned empirical techniques require a considerable amount of experimental data and this is one of their major shortcomings. The standard empirical methodologies and recommended implementation practices are outlined in NASA-SP-8072 12 , a space vehicle design criteria document, which is used in the current work to determine the acoustic loading on the launch vehicle fairing.
Two different source allocation techniques have been proposed in NASA-SP-8072 12 , based on experimental data for chemical rockets and generalized sound spectrum levels. The first technique (unique source allocation method) assumes a unique source location along the exhaust flow in each frequency band, whereas the second technique (non-unique source allocation method) assumes that the noise in each frequency band is generated throughout the exhaust flow. Although both techniques predict the acoustic loads at a specified point on the launch vehicle, the effects of the scattering of the sound waves from the launch vehicle surface are completely omitted from the analysis using either technique. Morshed et al. 13 extended the unique source allocation method for scattering effects and developed analytical and numerical tools to examine the acoustic loads on the surface of a Representative Small Launch Vehicle Fairing (RSLVF). However, the extended technique considering the scattering effects did not implement the non-unique source allocation method, and this implementation is the focus of the investigation reported here which is an extension of the previous work 13 . The intention is to provide the inputs needed to evaluate noise and vibration control treatments for launch vehicles.
The non-unique source allocation method was used here to allocate sources along the engine exhaust flow for each of three one-third octave bands corresponding to centre frequencies of 50 Hz, 100 Hz and 400 Hz, assuming that all the power in the one-third octave band is concentrated at a single frequency, and the method was extended, using the analytical and numerical tools developed by the authors, to examine the acoustic loads at the surface of the RSLVF. In order to keep the quantity of figures and results for a reasonable amount, only the aforementioned onethird octave bands were chosen for analysis in this manuscript, however a similar approach can be used for the other one-third octave bands.
The results reported here and obtained using the non-unique source allocation method are compared with the results obtained using the unique source allocation method presented in previous work 13 . The non-unique source allocation method was used here as it provides improved accuracy over NASA-SP-8072 12 and other previous work [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This is a result of the use of the process of combining the new analytical and numerical methods to describe the sound pressure as a result of the reflecting surface of the launcher, which permits convergence of the external pressure field calculations at the surface of the launcher. 
II. Theory A. Analytical Modeling
The theoretical description of the three-dimensional acoustic loading on a cylinder due to a point source has been extensively discussed previously by Morshed et al. 13, 15 . This work was used as a basis for the current study and was extended to apply to a number of point sources along a line as shown in Fig. 3 . Following the previous theoretical work 13, 15 , the following assumptions were made: (i) the object is an idealized long cylinder, since the geometry of a launch vehicle fairing is cylindrical, (ii) there will be very little effect on the external sound pressure field due to the diffraction of sound waves from the ends of the cylinder and thus this effect is neglected in the following analysis, and (iii) the cylinder wall is considered to be acoustically hard so that all of the scattered waves proceed outward from the surface.
Consider a point source located on the X axis which produces spherical waves that impinge obliquely on the surface of the cylinder as shown in Fig. 1 . The sound waves travel a distance R from the source and impinge obliquely on the surface at point P of the cylinder. Without repeating the lengthy mathematical derivations 13, 15 for this particular arrangement of acoustic loading on the cylinder, it can be shown that the total external sound pressure at the surface of the cylinder is the superposition of the incident wave pressure p i and scattered wave pressure p s as follows 13, 15 : ( 
where the first summation on the right hand side is for N point sources along a line and the second summation is for M terms required in the series calculation. The quantity ε m = 1 if m = 0 and 2 if m > 0. The spatially dependent factor, pʹ (R, z, t), is a function of distance between the point source and observation point at the surface of the cylinder, and can be determined as [15] [16] [17] [18] ( ) ( ) , , 4 
B. Numerical Formulation
The numerical formulation technique using the boundary element method (BEM) for the exterior boundary problem has been extensively discussed by Morshed et al. 13, 15 . This technique has been used and extended in the current work to include a number of point sources along a line.
For the exterior problem where the observation point is located on the boundary Γ, the Kirchhoff-Helmohltz (boundary) integral solution for the time harmonic sound pressure p can be determined as
Eq. (3) can be reduced to a matrix formulation as [13] [14] [15] S TU(V = U(VS T + 4P( 
where
The distances between the m integration points Q m (x, y, z), and n source points P n (X, Y, Z), need to be determined for the incident sound pressure from each source. Hence, the right side of the Eq. (5) may be calculated as
where / = X. 
C. Non-Unique Source Allocation Methodology
The non-unique source allocation method is more complicated than the unique source allocation method described in the previous study by Morshed et al. 13 . The non-unique source allocation method recognizes that the rocket noise in each frequency band is generated throughout the exhaust flow, and a unique, single equivalent point source location along the flow axis is not assumed to exist as in the unique source allocation method. The nonunique source allocation methodology is based on experimentally measured data and normalized results, and is described in detail in NASA-SP-8072 12 . Predictions can be made for sources located in the near-field as well as in the far-field along the exhaust flow. In this section, the acoustic loading on the RSLVF, calculated using the nonunique source allocation technique, was observed to be dominated by the sources closest to the vehicle, with the contribution from other sources being negligible.
For the prediction of the acoustic loading on the vehicle, it is necessary to distribute the sources relative to the core length along the exhaust flow. The rocket flow can be divided into a number of segments and the overall acoustic power for each segment can then be calculated using the estimated sound power per unit core length and the length of each segment using 12 , 10 10 OA ( ) 10 log 10 log
where the term, 
The sound pressure level on the circumference of the vehicle, including the effects due to the reflecting surface of the vehicle, for a band centred on any frequency can be expressed as
10 log DI( ) 3 , (dB re 20 Pa) , , , , , , , ,
where the pressure quantity, 
In Eqs. (11) and (12), the sound pressure due to scattering from the reflecting surface of the vehicle as well as the spreading due to distance, are included by the term 
III Results and Discussions
For the analytical and numerical prediction of acoustic loading on the fairing, a Representative Small Launch Vehicle Fairing (RSLVF) of overall length 5.33 m and maximum diameter of 1.552 m was used, which has been used by others in previous work 13, 23, 24 . Figure 2 shows the surface elements and nodes of the RSLVF generated in ANSYS © using quadratic eight node elements and a 'mesh-only' element, which is MESH 200. The ANSYS © .LIS files containing the descriptions of all the surface elements (726 elements) and nodes (2120 nodes) were then imported into MATLAB ® for the numerical BEM analysis using the codes written in MATLAB ® . The RSLVF was considered to be positioned at the top of the rocket during lift-off. The geometry of the launch environment used for calculating the acoustic loading on the RSLVF is shown in Fig. 3 , and is the same as used in previous work 13 . The parameters shown in Fig. 4 are defined in the nomenclature section. It was assumed that all the sources are situated along the exhaust flow axis, generating spherical waves which impinge obliquely on the fairing.
For the current work, it was assumed that the fairing structure and the flow axis were situated at x 1 = 15D e upstream and x 2 = 5D e downstream of the vehicle respectively. A reference point was chosen at °= 0 φ , which is the front point on the vehicle facing the exhaust flow. Hence °= 180 φ is the rear point on the vehicle. For simplicity, it was assumed that the temperature along the flow axis was uniform and T = 1000°C. At that temperature the speed of sound and density in air are 715.49 m/s and 0.28 kg/m 3 respectively.
For the analytical and numerical analyses, Engine 'E' was used which has the core length of x t = 1.25m and is the same as used in previous work 13 .The flow axis was divided into ten segments along the flow with an assumed length of 1m for each segment. At the centre of each of the ten segments a point source completely uncorrelated with the other nine was assumed. The distances from the vehicle axis to the centre of each segment were estimated and used to determine the necessary parameters for each source. The specifications of each source, and the calculated and estimated values of all the parameters are reported in Tables A1 and A2 in the Appendix. The calculated acoustic power level for each band of interest corresponding to each segment is reported in Table A3 in the Appendix. The calculated source strength of each source corresponding to each segment is provided in Table 1 .
The source directivity index was assumed to be the same for radiation to all the circumferential positions on the vehicle for any specified elevation angle from the source to launch vehicle.
Both the analytical and numerical approaches calculated the acoustic loading around the circumference of the RSLVF at a height of z = 2.17m from the bottom face of the RSLVF. This height was chosen because at that height there are sixty circumferential nodes which are sufficient to achieve a good numerical estimation of the sound pressure pattern for comparison with the analytical result. The descriptions of sixty circumferential nodes and their respective positions corresponding to azimuthal angles are provided in Table A4 . For the analytically calculated acoustic loading on the RSLVF, using the non-unique source allocation method, the maximum diameter of 1.552 m of the RSLVF was used as the infinite cylinder diameter. The surface sound pressure levels were evaluated as a function of azimuthal angle ;. The calculations were conducted considering the impacts of the scattered waves using Eqs. (1), (2) and (12), of the acoustic loading on the RSLVF from ten point sources acting as a line of point sources, as shown in Fig. 3 , at each of the 1/3 octave bands corresponding to centre frequencies of 50 Hz, 100 Hz and 400 Hz. Fig. 4 , which were calculated using the non-unique source allocation method. The small differences in pressure magnitude are a result of diffraction around the ends of the cylinder which is taken into account in the BEM analysis but not in the analytical model. The BEM analysis allows determination of the sound pressure near the ends of the cylinder by considering a quarter-point technique (r 2/3 ) for particle velocity near the edge of the cylinder, where r is the distance from the edge. This approach approximates the condition that the particle velocity tends to infinity as r tends to zero, as explained in detail by Juhl 14 .
The analytical and numerical results also indicate that for each frequency band of interest, the sound pressure amplitude varies relatively smoothly at the front face of the RSLVF facing the exhaust flow and varies aggressively at the back of the RSLVF, due to the reinforcement and cancellation that occurs between the diffracted waves passing around each side of the RSLVF. The sound pressure fluctuation increases as the frequency band of interest increases because the amount of interference of the two diffracted waves passing around the two sides of the RSLVF increases.
It is noticeable that the non-unique source allocation method results in a smaller acoustic pressure magnitude compared with the results presented in Figs. 7 and 8 (Morshed et al. 13 ) , using the unique source allocation method.
The reason for this is that for each frequency band of interest, the source strength of each source calculated using the non-unique source allocation method was less than the source strength of a single equivalent point source calculated using the unique source allocation method (see Table 2 for source strengths calculated using unique source allocation method, in Morshed et al.
13
). 
IV. Conclusions
The acoustic noise generated on a launch vehicle fairing during launch has been estimated for a particular It is intended to extend the present work in the future by including the effects of diffraction around the ends of the cylinder in the analytical model. This will enable the development of a full analytical model of acoustic loading on finite length cylinders, representative of geometries such as cylindrical launch vehicles. 0  21  800  120  41  1461  240  2  124  6  22  812  126  42  1473  246  3  137  12  23  825  132  43  1406  252  4  149  18  24  837  138  44  1633  258  5  162  24  25  770  144  45  1646  264 
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